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Cross sections for radiative neutron capture on unstable nuclei at low energies are
difficult to calculate with high precision, and can be impossible to measure directly. It is
therefore important to explore alternative methods. The prospects of one such method,
the Surrogate Nuclear Reaction Technique, is currently being investigated at Lawrence
Livermore National Laboratory. The purpose of this paper is to outline the strategy for
combining the results from a surrogate experiment with theoretical calculations in order
to extract the desired cross section.

1. INTRODUCTION

The Surrogate Reaction Technique is an innovative method for indirectly determining
cross sections for a particular type of reaction, namely two-step reactions proceeding
through a compound nucleus (CN). Note that a large number of capture cross sections
relevant to astrophysics are of this type, and that they sometimes can be very difficult to
study directly due to target or beam limitations. The basic idea of the Surrogate approach
is to replace the first step of the “desired” reaction by an alternate (“surrogate”) reaction
that populates the same CN. The subsequent decay of the CN into the relevant channel
can then be measured and used to extract the desired cross section.

A general overview of the Surrogate project at LLNL, together with the historical back-
ground of the method, can be found in Ref. [1]. In the following, the theoretical framework
will be outlined, and the main challenges will be highlighted. Particular attention will be
devoted to the mismatch between the spin-parity distribution of the intermediate state
populated in a low-energy, neutron-capture reaction versus that produced by a surrogate,
direct reaction.

2. HAUSER-FESHBACH FORMALISM

The analysis of surrogate reactions relies heavily on CN reaction models. Let us consider
the case of a reaction leading from an incoming channel a + A (= «) via an intermediate
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state B* to an outgoing channel ¢+ C' (= x). Using Hauser-Feshbach theory, which rig-
orously conserves total angular momentum and parity, the energy-averaged cross section
0oy (E) for this reaction is written as a sum

O-OZX(E) :ZUQX(E, J,H), (1>

where we use E to denote the excitation energy of the CN. Assuming that the Bohr
hypothesis of independence between formation and decay holds separately for each value
of total angular momentum and parity, we can write

FX(E, J, 1)
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The CN formation cross section, c§V(E, J,1I), and the decay width, I, (E, J,II), of the
CN in channel x are energy-averaged quantities. The denominator contains a sum over all
open channels and thus represents the total decay width. In general there are correlations
between the widths which distorts this simple picture. These correlations can be described
by width fluctuation factors, W,,, but we will for simplicity omit them in our formulae.

Hauser-Feshbach theory, which is based on an explicit average over resonances, gives
results that can be compared to optical-model calculations, which also yields energy-
averaged reaction cross sections. This leads to a relationship between the decay widths and
the transmission coefficients describing the absorption in the (complex) optical potential
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where {7, } indicates the set of quantum numbers required to specify a particular channel
X, and the factor f ({j,}, J,II) ensures angular momentum and parity conservation.

In many cases one cannot measure the cross section of a reaction leading to a single
final state, but one measures the cross section for populating all the available final states
corresponding to a residual nucleus C' with energy between Ups and Uz +dUo. Introducing
the level density, p (Uc, I, mc), we arrive at the following Hauser-Feshbach formula
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The integral in the Hauser-Feshbach denominator sums over all states in the residual
nucleus of channel Y’ that are energetically reachable. Note that the level density reduces
to a product of delta functions for discrete states. In general the evaluation of the Hauser-
Feshbach denominator is plagued by large uncertainties stemming from the level density
description. This fact is, e.g., reflected in the very large error bars of many calculated
(n,) cross sections relevant for astrophysics.

We summarize this section by introducing a generalized Hauser-Feshbach expression
written as a sum over products of formation cross sections and branching ratios

Tax(E) =Y oSN (E, J IGN(E, J,1). (5)

Oay(E, J,1T) = cSN(E, J,T0)
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3. APPLICATION TO SURROGATE REACTIONS

Let us now apply the results of the previous section to the analysis of a surrogate
reaction. The goal is to obtain the cross section for a reaction from a channel a to a
channel y, where the target A in channel « is unstable. The Surrogate approach to this
problem would be to produce the highly excited compound nucleus B* in a surrogate
reaction D(d, b)B* with an angle- and energy-differential cross section
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where the left-hand side is the experimentally observable cross section, and the JII on
the right-hand side denote different states of the CN populated via the incoming channel
0 of the surrogate reaction. This decomposition must be provided by a reaction model
calculation. Assuming that the final state of the D(d, b)B* reaction is a fully equilibrated
system we can define the probability that the reaction produces B* with the quantum
numbers JII as
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In a surrogate experiment the ejectile b is measured in coincidence with an observable (e.g.,
a fission fragment or an emitted ) that tags the channel y of the desired reaction. Note
that the energy of the ejectile (in combination with the scattering angle), the excitation
energy of the CN, and the corresponding energy of the incoming projectile in the desired
reaction, are all related to each other. The energy E in our formula can be interpreted as
any of these quantities. The experimentally observed probability of this coincidence is

PIN(E,Q) =Y FN(E,Q,J GV (B, J,10). (8)
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Let us consider a specific example: The reaction *?Zr(a, a/v)%Zr was studied in a re-
cent experiment by J. Church et al. [2]. This reaction can be used as a surrogate for
NZr(n,v)%Zr. In the experiment, gammas from the decaying “Zr* were observed in co-
incidence with inelastically scattered « particles. The coincidence probability, P$ N(E, ),
was measured as a function of ejectile energy and scattering angle. The goal is to com-
pare the final, extracted o,,, cross section from the surrogate analysis with existing direct
measurements. This experiment will then serve as a benchmark that can help to validate
the technique.

3.1. The angular momentum mismatch

Egs. (5) and (8) constitute the Hauser-Feshbach formulation of the Surrogate reaction
method. These expressions contain the same branching ratios, GQN (E, J,1I), but they
are weighted differently because the JII distributions are different in the two reactions.
In fact, this mismatch can be quite significant. The use of the Surrogate technique to
extract low-energy (n,~y) cross sections is actually a rather extreme case since the neutron
will bring in very little angular momentum to the CN compared with that typically



brought in by the D(d,b)B* direct reaction. The main theoretical challenge in this case is
therefore to determine the spin-parity decomposition probabilities F; (;CBN (E,Q, J,II) so that
the branching ratios GgN (J,II) can be accurately extracted from the observed coincidence
probabilities, P¢N(E,Q), Eq. (8). If this decomposition is well determined, the branching
ratios can be inserted in Eq. (5), together with a formation cross section for the desired
reaction calculated with an optical potential, to yield the 0,,(E) cross section. It is
particularly desirable for experiments to be carried out over a wide range of angles in
the D(d,b)B* reaction since the probabilities F. (;%N (E,Q, J,II) are angle-dependent, and
obtaining the same o, for the various angles provides an important consistency check on
the procedure.

True independence of formation and decay occurs if the branching ratios of Eq. (5)
don’t depend on J and II. This would remove most of the model dependencies from the
surrogate analysis. The most important condition that must be fulfilled for this to occur
is that the energy of the CN must be significantly high that all channels into which it can
decay are dominated by integrals over level densities.

4. SUMMARY

The Surrogate Reaction Technique is a very promising method to extract cross sections
that are hard to measure directly. However, as all indirect methods, it requires a combined
effort from theorists and experimentalists. The most obvious theoretical challenge is to
account for the difference in JII population of the CN. This requires the ability to model
the population probabilities entering Eq. (7), which may be a demanding task for direct
reaction theory since we are interested in reactions populating unbound states of the
intermediate nucleus.

A clear limitation of the method is the fact that it is only able to extract the equilib-
rium part of the desired reaction. Any pre-equlibrium contributions must be calculated
separately, and added to the total cross section. Furthermore, the possibility that the sur-
rogate reaction includes contributions that cannot be satisfactory described by a purely
direct reaction mechanism must also be considered (or experimentally excluded) as this
may affect the JII population of the intermediate state.

An example of a very succesful application of the Surrogate technique can be found in
the work of Younes and Britt [3]. They used (¢, p) reactions to populate fissile systems
in the actinide region, and used the observed fission probabilities to extract (n, f) cross
sections. Their work demonstrates the possibilities and limitations of the method, but
also highlights the need for benchmark applications.
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